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Static and fatigue testing of a full scale helical river turbine foil
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ABSTRACT: This paper outlines the testing of a five metre long helical composite foil from Ocean Renewable Power Company’s
(ORPC’s) RivGen® Power System at the Large Structures Research Laboratory at National University of Ireland Galway (NUI
Galway) in January 2020. The full-scale laboratory tests were designed to analyse the load sustaining ability of the foil and to
evaluate strain and deflection characteristics from static and cyclical loading regimes, which could be compared to numerical
analyses. The tests were also designed to test the efficacy of a novel clamped foil joint arrangement and validate the manufacturing
techniques employed in the joint between the leading edge and trailing edge assembly. Data collected included actuator loads and
displacements, foil deflections using draw wire sensors, and strains at numerous locations along the foil using both linear and
rosette strain gauges. The test also provided the opportunity to employ a novel load introduction mechanism, namely the combined
use of actuator and wire and pulley methods. The foil test setup performed well overall, but highlighted that (i) foil strain values
were higher than predicted, (ii) movement in the load introduction clamps led to inconsistencies of load introduction over the
course of the test period, (iii) wire stretch and zero point setup discrepancies made test to test comparison challenging, and (iv)
non-representative loading points on the foil led to separation of composite bond line along the trailing edge of the chord during
cyclical loading regimes.
KEY WORDS: Cross-Flow Turbine; Helical Turbine Foil; Materials; Mechanical Testing; Marine Hydrokinetic (MHK) Energy;
Tidal Energy.
1

INTRODUCTION

In order to reduce the dominating, market share of fossil fuels
on the global energy budget, alternative energies from a variety
of different sources must be exploited. One such potential
source is the capture of marine hydrokinetic (MHK) energy
harnessed from river or tidal flows. The former is a mature
industry in the case of large permanent hydroelectric plants, but
smaller mobile, moored systems are of special interest in
remote locations where utility grid connection may be less
widespread. Since servicing of these remote installations can
be challenging and costly, the mechanical reliability of
subsystem components such as turbine foils and their
supporting mechanical structures in such devices is paramount.
Rigorous testing regimes in controlled laboratory conditions
must be employed to evaluate the performance of these specific
components as functions of design, cost benefit, manufacturing
processes, mechanical strength, and fatigue longevity prior to
deployment in the field. Since the foils are a critical component
of a tidal or river turbine, representative samples should be
physically tested in order to ensure that the actual performance
and structural efficiency of the foils and their connection to the
turbine shaft and driveline is consistent with their predicted
performance and specifications. This is true both in terms of
ultimate loading, but also with respect to their service life.
Ocean Renewable Power Company (ORPC) have chosen a
cross-flow axis (CFA) oriented turbine arrangement for both
their tidal and river power systems (TidGen® and RivGen). A
CFA arrangement has fewer moving parts than slew and yaw
adjusted axially oriented turbines [1]. The subsequent design
simplifications are beneficial for remote deployments. Unlike
axial flow turbines, CFA turbines can be designed with
different aspect ratios, enabling them to be installed in
shallower river and tidal sites. The helical foil arrangement is

advantageous in semidiurnal tidal regimes, where its selfstarting and independence of flow direction is beneficial [2].
This is a less critical design consideration for riverine
deployments; however, the reduction in torque pulsing leads to
improvements in foil fatigue life, hub wear and output power
pulsing [3].
ORPC have developed and deployed their RivGen Power
System (Figure 1) in the Alaskan village of Igiugig to provide
a significant proportion of the community’s electricity
requirements, offsetting their diesel requirements by up to 50%.

Figure 1. ORPC’s RivGen power system on anchor prior to
installation on the Kvichak River in Igiugig, Alaska. July
2019
The RivGen turbine is comprised of a horizontally aligned
hub and shaft oriented perpendicular to the flow of water.
Three helical foils scroll around this central axis through an
angle of 135 degrees and are fully supported between three
struts. The foil is extended beyond these struts by two
cantilevered end sections (Figure 2).
Under the Sustainable Energy Authority of Ireland’s (SEAI)
ACCORD project, ORPC worked with project partner
EireComposites Teo to develop a turbine design which reduces
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manufacturing costs, while improving turbine efficiency to
positively affect the RivGen Power System’s Levelised Cost of
Electricity (LCOE). This design was then subjected to static
and fatigue load analysis at NUI Galway’s large structures test
facility.

Figure 3. ORPC RivGen test fixture
Figure 2. RivGen turbine with bonded foil connection
Field testing by ORPC highlighted a weakness in the bonded
joint connection between the foils and the turbine struts. In
partnership with Eiré-Composites Teo and informed by the
field tests, ORPC adopted an innovative composite
manufacturing approach and foil clamp arrangement, the aim
of which is a cost effective and structurally efficient design.
However, in order to validate this aim, the following objectives
needed to be investigated:
 To develop a testing regime that efficiently addressed the
challenges posed by representative life cycle load
introduction into a helical foil.
 To investigate the structural design methodology of the
foil and its hub connection with respect to strains and
deflections during static testing.
 To analyse the structural behaviour of the novel
attachment system solution (clamped foil/hub connection)
under static and cyclic load.
In this paper, the methodology and the design considerations
of the test fixture set-up, the challenges posed by the foil
geometry and key findings of the test regime will be presented.
2

EXPERIMENTAL METHODS

A novel clamping arrangement designed by ORPC was
introduced as an iterative improvement to the RivGen turbine
joint. For testing purposes, this concept was subjected to static
and cyclical loading to quantify structural performance. A
single foil was supplied with a shaft and three representative
joint sections, with load introduction clamps to apply radial
loads to the foil at suitable locations. A steel torsion frame was
supplied by NUI Galway as per ORPC design to support the
foil during testing (Figure 3).
The helical nature of the foil presented challenges in terms of
load introduction. During normal operations, each foil would
be subjected to a distributed load along its span. For testing,
this distributed load had to be simplified to point loading at the
centre point between struts. From the test facility perspective,
this investigation offered the opportunity to test a novel load
introduction method. While the load introduction at the primary
cantilevered end required tension (away from the hub axis) and
compression (towards the hub axis) loading through the zero
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load condition, and necessitated direct load introduction by an
actuator, loading at the fully supported section was in a single
direction only (toward the hub axis) to best represent simulated
loads on the turbine during operation.
Rather than attempting to orient an actuator in this loading
direction, a pulley and wire solution was deployed to allow
tension from the actuator to pull the foil section towards the hub
axis. Examples of steel cable load introduction can be found in
the wind turbine and wing testing realm [4], but this method
represents a new departure for the NUI Galway facility. This
load introduction method improves flexibility for future
complex load introduction requirements. Despite some of the
complexities of the test regime as outlined in the specification,
the test fixture performed well with iterative improvement over
the course of the project. Challenges in terms of narrow foil
clamps and excessive actuator pivot friction were satisfactorily
addressed, which highlighted the flexibility of the NUI Galway
team and their in-house mechanical support capabilities. Issues
with system compliance, introduced with the use of the wire
rope and chandlery and load introduction clamp slippage, leave
room for future improvement.
NUI Galway facilities
The physical testing was conducted in the Large Structures
Research Laboratory located in the Alice Perry Engineering
Building, NUI Galway. The Sustainable and Resilient
Structures
Research
Group
at
NUI
Galway
(www.nuigalway.ie/structures) has many years of experience
in structural design and processing of glass and carbon fibrereinforced composite materials [5]. As a member of the SFI
MaREI Centre for Energy, Climate and Marine, the group has
developed advanced computational design methodologies for
tidal and wind turbine foils, performed design and optimisation
studies on tidal and wind turbine foil structures of several scales
[6], and conducted structural testing of components for a 3/8th
scale foil and rotor subsection for the OpenHydro prototype
tidal turbine [7].
The test space (Figure 4) is a configurable environment for
testing small- to large-scale structural and mechanical
elements. Large structures testing is typically completed using
one or more hydraulic actuators with capacities ranging from
250 kN to 750 kN and up to 670 mm stroke length. Large
structures testing is conducted on a 10 m x 6 m strong floor
with anchor points at 500 mm to 1000 mm centres, each having
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Figure 4. Test rig installation in the large structures test cell in
NUI Galway
a working load capacity of 500 kN. The instrumentation
available in the lab includes:
 Piezoelectric accelerometers
 Linear Variable Differential Transformers (LVDTs)
 Draw wire potentiometers (string-pots)
 Strain gauge load cells
 Electric resistance strain gauges
 Vibrating wire sensors
 Digital Image Correlation (DIC), 3D laser scanning
and Laser Scanning Vibrometery (LSV)

such that load introduction was applied at the maximum
thickness of the foil chord camber line with vectors aligned to
the rotational axis of the foil hub. Due to the helical nature of
the foil this would have proved challenging were direct actuator
connections required. Significant hardware would have been
required to position and align the actuators correctly to conform
to this loading regime. However, since loads only cycled
through zero at the cantilevered section, a system of pulley and
wire rope was chosen to minimise hardware at the mid-section.
The foil fixture was designed to orient the load introduction
point at the cantilevered section normal to the vertically
oriented 500kN Fox-VPN actuator while allowing line tension
to orient the 250 kN Fox-VPN actuator (Figure 6).
Expected deflections required to generate the target loads
were provided by ORPC and found to lie within the available
stroke of both actuators. While the 500 kN was considerably
Table 1. Specified loads and deflection
Scale
Factor
0.000
0.125
0.25
0.375
0.75
1.00

Load
End
[kN]
0
-2.25
-4.5
-6.75
-13.5
-18

Load
Mid
[kN]
0
4.75
9.5
14.25
28.5
38

Def End
[mm]
0
-22.38
-42.82
-68.23
-136
-179.4

Def Mid
[mm]
0
-4.061
-8.327
-12.01
-24.65
-32.95

The laboratory has a state-of-the-art data acquisition system
with up to 120 channels including strain, load, displacement,
acceleration and voltage measurements, together with
synchronised HD video recording. The testing for the presented
study used the modular steel frame, two hydraulic actuators and
a wide range of available instrumentation to maximise the data
capture and scientific output within the scope of the study.
Load definition
2.2.1

Static loading

Loading was applied to the foil fixture using a 500kN Fox-VPN
actuator and 250 kN Fox-VPN actuator through clamps on the
cantilever tip end and mid-section, respectively (Figure 4). An
iterative approach was adopted to the application of static
loads. Each load case defined in the loading specification was
first applied manually starting with loading and unloading by
manual jog control using displacement control, and then
automated ramp cycles were programmed with a dwell time at
the fully loaded condition. These target loads and expected
deflections and strains are summarised in Table 1, where ‘End’
refers to the cantilevered tip end, and ‘Mid’ refers to the fully
supported mid-section. ‘Def’ refers to foil deflection. Strains
and foil deformations were recorded at predetermined locations
and compared to these numerically derived predictions.
2.2.2

Figure 5. Specified cyclical loading regime

Cyclical loading

Cyclical load profiles were provided which highlight a phase
shift on load introduction between the two sections due to the
helical foil design ( Figure 5). This required the use of CyclicPro feature on the Cubus control software. The load
introduction definition required that the load line be oriented

Figure 6. Wire rope and pulley system
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oversized for the target loads, its geometry allowed direct
connection to the load clamp without the requirement for the
fabrication of extensions. The use of wire rope for the 250 kN
actuator also facilitated a relatively easy set-up, since the length
of the wire rope could be adjusted using bull-dog clamps. The
final assembly was installed and tested in late December 2019
and testing began in January 2020 (Figure 7).

the rotational hub of the in-field assembly and provided an
attachment point for the secondary, mid span load introduction
eyes. An additional eye allows for a third load introduction
point for future testing of the same foil arrangement. The test
fixture was positioned to align the end-section adapter plate
with the pivot on the 500 kN actuator and aligned with the
longitudinal axis of the test frame, as shown in Figure 9 where
(a) indicates the direct connection of the 500 kN actuator, (b)
the wire rope arrangement for the 250 kN actuator and (c) the
floor clamps which attached the frame to the strong floor.

Figure 8. Outrigger supports installed at the clamp on the
cantilever tip end load introduction point

Figure 7. RivGen foil test fixture installed in the large
structures test cell in NUI Galway
Load introduction clamps
The supplied foil clamps were fabricated from the same glass
fibre material as the struts and machined to conform to the 3D
geometry of the foil profile at the desired location. They relied
on bolt torque to provide the required friction to retain the
clamp at that location, with added friction provided by a rubber
sheet. The clamp for the cantilevered section was oriented so
that it was horizontal at the desired location, to connect directly
to the vertically aligned 500 kN actuator. The flap wise loading
regime was defined in the specification. Both load clamps
exhibited wandering behaviour upon introduction of cyclical
loading. The helical twist and the foil taper introduced a
tendency for the clamps to rotate, further adding to some
undesired loading patterns. This suggests that a combination
of clamping and adhesive would be more beneficial in future
tests. In addition, during pre-trial static testing and bedding in,
the load clamp at the cantilevered section proved too narrow to
overcome the internal friction of the large pivot on the 500 kN
actuator. This was overcome to some degree with the addition
of outrigger supports (Figure 8).
Test fixture assembly
The test frame was designed by ORPC with input from NUI
Galway and provided a rigid steel base through the use of a
central torsion tube. The test frame was manufactured by Rynn
Engineering. Flange plates were welded on to attach the struts
in the correct rotation angle. The central torsion tube mimicked
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Figure 9. RivGen test fixture: (a) connection of 500kN
actuator to foil, (b) wire rope, (c) floor clamps to attach the
frame to the strong floor.
The pulley was introduced to divert the load line from tension
upward from the actuator to tension downward in terms of foil
deflection. Shackles and swivels were used to attach the pulley
via the eye welded to the hub tube to allow it to align with the
desired load line under tension. Since the exact locations of the
various components could not be ascertained with any
meaningful degree of accuracy prior to installation, the eyes
were welded on at a 45-degree orientation. As such, this meant
that the load introduction angle may not have aligned perfectly
with the central hub axis. Further testing using this test fixture,
should introduce a rotational degree of freedom to the pulley
eyes to allow for adjustment in their position after installation.
Rather than trying to align the test fixture directly over anchor
points in the strong floor, the thick profiled floor clamps
allowed some flexibility with final position.
Due to the tendency of the actuators to extend under the
influence of gravity once powered down, the lock down
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procedure every evening required the disconnection of the 500
kN actuator. Otherwise, the full weight of the actuator piston
assembly would have loaded the foil overnight and led to
potential foil damage. The pivot was disconnected from the
foil clamp and the actuator pulled to the side using a chain
block. This had implications for the definition of the zero-load
condition and the post processing of data since the exact
location of the pivot on the clamp could not be guaranteed.
3

RESULTS AND DISCUSSION
Static loading
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The static loading steps were applied in an iterative process. A
combination of manual control and automated ramp cycles
were employed at each load step. The experimental data in
terms of foil deflection at the tip end and the mid-section was
in good agreement with the predicted values from the numerical
model. This helps to validate the model, which can inform and
optimise turbine foil design going forward. However, further
investigations into the over-prediction of strain values need to
be completed to underpin the reliability of the model. A
comparison of the predicted values of load versus deflection
and the experimental data is presented in Figure 10. The end
location (Station1) loading showed negative load
(compression) as per convention from the actuator load cell and
negative deflection, from the tip end string pot. The mid
location (Station 3) showed positive load from the actuator
(tension) and negative deflection, due to the wire and pulley
operation. In the figure, the legend labels “End 500 kN” and
“Mid 250 kN” refer to the predicted load and deflection values
provided for the End-Section and Mid-Sections respectively.
The legend labels “0.39 utl 250” and “0.39 utl 500” refer to a
selection of observed data points taken at 0.39 x Ultimate Test
Load (UTL) scale factor. The “Linear “, dashed lines are plotted
linear regressions of the predicted data points with their
respective line equations beneath. The cut-off conditions for
testing were defined as tip-end deflection measured in excess
of 100mm and strain at the reference gauge position exceeding
5000 μstrain. Since the static loading regime was carried out
in an iterative process it became clear that this μstrain limit
would be exceeded well in advance of the UTL. Therefore, the
loading UTL was redefined to correspond with the Scale Factor
0.375 in the preceding Table 1.

0

Figure 10. Comparison of the expected and observed load
versus deflection response at two locations along the foil

Fatigue loading
Initially an oscillation frequency of 1 Hz was desired to obtain
a high number of fatigue cycles. However, a maximum
oscillation frequency of 0.2 Hz was found to be possible, based
on the required deflections and the available oil flow capacity
of the servo valves. As such, including set-up time and
modifications required to the end-section foil clamp, 35000
cycles were performed under the defined cyclical regime. The
ranges of load and deflection at a number of different cycles are
outlined below. Table 2 and Table 3 show very little change in
the load and deflection rates over the course of the study. The
original reference strain gauge failed during the course of the
investigation, so reference strain values are presented for
L2AT, which was located on the top surface of the foil at the
tip side of the first strut.
Table 2. End-section loading
Cycles

4985
10986
14990
19988
26084

Load
Range
[kN]
7.78
7.52
7.47
7.50
7.60

Def
Range
[mm]
89.8
88.8
88.7
88.5
88.3

Reference
Strain Range
[μstrain]
3819.3
3740.0
3743.5
3729.7
3733.9

Run Index

7.03
8.04
9.06
10.4
12.1

Table 3. Mid-section loading
Cycles
4985
10986
14990
19988
26084

Load Range
[kN]
13.42
13.10
13.11
13.13
13.44

Deflection Range
[mm]
11.9
11.9
12.1
12.3
12.7

Run Index
7.03
8.04
9.06
10.4
12.1

Slight lateral shifting of the mid-section load clamp was
observed following the beginning of the fatigue loading regime.
Since delays had already been incurred to remedy the end
station load clamp, it was deemed advisable to proceed.
Informed by the method adopted by Yu et al [8], retrospective
analyses investigated the hysteresis curves at different times, in
each run and revealed that the slope of the load versus
deflections for the end-section (Station 1) remained consistent
throughout the full investigation. This is despite the fact that
the 500 kN actuator was removed from the load clamp at the
end of each day. The slope of the load versus deflection at the
mid-section (Station 3), however, showed a gradual and
consistent trend that is consistent with slippage of the load
introduction clamp. This is further supported by the fact that a
small readjustment of the clamp occurred at around 29000
cycles, and a more drastic and full removal and reposition of
the clamp occurred at around 30000 cycles. Examples of the
single hysteresis curves for both actuators are plotted in Figure
11 and Figure 12. A selection of data points along the positive
loading cycle were extracted and a polynomial line fit created
to ascertain the slope. These slopes were subsequently plotted
against the cumulative number of cycles (Figure 13).
Separation along the trailing edge where the composite layers
of the foil meet over the mid-section length was observed at
around 10000 cycles. However, no visual effect of this is
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observable in the experimental data, suggesting it may have
occurred prior to this during static testing. No visual evidence
of damage was witnessed at the end-section throughout the
course of this investigation. A reason for this may be that the
cantilevered free end and the freedom to rotate with applied
load to follow its helical shape. The mid-section span was
constrained at both ends, which meant the point loading at its
centre likely tried to twist the foil relative to its helical shape.

Figure 11. Hysteresis curve of load-deflection at the 2000th
cycle for the mid-section of the foil (i.e. location of the 250kN
actuator)

4

CONCLUSIONS

This paper summarises the objectives, methodology and some
key results from the testing of the ORPC RivGen helical turbine
foil and joint, in the Large Structures Test Cell at NUI Galway
between January 13th to February 3rd, 2020.
In terms of structural performance, the foil showed excellent
agreement in terms of predicted deflections and loads during
static testing, but higher strain response behaviour than
suggested by numerical predictions. The point loading was
unable to accurately simulate the distributed loading
experienced by the foil in the field, and this is the likely cause
for separation along part of the trailing edge bond. The project
overall, provided a useful tool for ORPC to validate a new foil
to strut joint arrangement, and gain valuable insight into the
performance of the numerical model.
From the point of view of the NUI Galway research team, this
paper represents added experience with a novel foil setup and
contains considerable lessons learned. Challenges in terms of
load introduction, improvements required for wire rope
introduction method, and the added attention required to fix
load introduction clamps were addressed to a large degree.
However, slippage in the load introduction clamp at the midsection made analysis of this region problematic and highlights
the importance of the connection methodology between the foil
and the actuators. The effect of compliant boundary conditions
on the data collection and analysis will be used to inform future
projects and their design of load introduction methodology.
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